The behavior of the coercive force, H c , of ferrimagnets near the compensation temperature, T comp , for polycrystalline rare earth iron garnets R 3 Fe 5 O 12 (R = Gd, Tb, Dy, Ho and Er) has been studied in detail. The present experimental results have verified the double peak in H c near T comp for these rare earth iron garnets R 3 Fe 5 O 12 . For Dy 3 Fe 5 O 12 , the experimental values are T comp = 224 K, H c (max) = 600 Oe at T comp ± K and ≈ 10 K. The two peaks of H c arise at 214 and 232 K. The appearance of the double peak of H c is an intrinsic and characteristic property for R 3 Fe 5 O 12 . The results can be understood on the basis of a simple model. The hysteresis loop in the magnetization is caused by rotation of single domain under the influence of crystalline anisotropy rather than domain wall displacements of the multi-domain structure. The rare earth ion behaves as superimposed paraprocess under the influence of weak exchange field produced by iron sublattices and an external magnetic field.
Introduction
The garnet structure was originally solved by Menzer [1] . A number of garnet structure refinements have been made. Garnet-type compounds have attracted much interest in their magnetic properties both the theoretically and via experiments, in particular, ferrimagnetism of the rare earth iron garnets [2] [3] [4] [5] [6] [7] [8] [9] [10] . A detailed review is provided by Hellwege [11] . There have been some recent important reports, e.g. the discovery of anomalous peaks in Ho 3 Al 5 O 12 due to a phase transition [12] , the Van Vleck temperature-independent paramagnetic susceptibility of Tm 3 Al 5 O 12 [13] , the abnormal susceptibility of vanadium garnets NaPb 2 Co 2 V 3 O 12 [14] and AgCa 2 Co 2 V 3 O 12 [15, 16] . Figure 1 shows the garnet structure has cubic symmetry with space group . The rare earth iron garnet exhibit ferrimagnetisms and has so-called compensation temperature, T comp , at which the sublattice magnetizations cancel each other and the resultant magnetization becomes zero. The magnetic moment of R 3+ ions is opposite to the resultant of the Fe 3+ ions and overrides that of resultant of Fe 3+ ion at low temperatures.
With increasing temperature, the magnetization of R 3+ ions falls off more quickly than that of the A-and D-sublattices because of the coupling due to weak exchange field produced by iron sublattices. There is no net moment at T comp . Above T comp the magnetization of Fe 3+ ion sublattices predominates. The magnetization of the resultant iron sublattices does not depend on the external field because of high Curie temperature of 559 K, whereas the magnetization of the R 3+ ion sublattice is markedly affected by the external field with superimposed Curie-Weiss law (so-called paraprocess magnetization).
In previous work we investigated the ferromagnetic order in the mixed garnet (Y 1-x Gd x ) 3 Fe 5 O 12 system [17] . An enlargement of coercive force H c in the hysteresis loop for the low-field M-H curve is clearly observed in near T comp [17] . The coercive force H c is defined as that value of magnetizing field that causes the magnetization of the specimen to be zero. Many earlier researchers have also investigated the temperature dependence of the cohesive force near T comp for Gd 3 Fe 5 O 12 . The problem remains a controversy subject. Whereas one study on Gd 3 Fe 5 O 12 showed that it exhibits a single peak in H c as a function of temperature [18] , the others revealed a double peak in H c near T comp [19] [20] [21] [22] [23] [24] [25] . The key point is that previous researchers have not presented explicit magnetic behavior (M-H) curves near T comp , which we will do in this paper. One notable exception is the detailed investigation of Gd 3 Fe 5 O 12 by Mee [26] , who reported that the temperature dependence of the hysteresis loop for single crystals shows a double peak in H c near T comp . The most significant experimental results of the hysteresis curves are not available for R= Tb, Dy, Ho and Er near T comp so far. Hence, the hysteresis curves and the temperature dependence of H c were measured directly for the several rare earth iron garnets. This paper will present systematic results of hysteresis M-H curves near T comp for polycrystalline rare earth iron garnets (R= Gd, Tb, Dy, Ho and Er). These hysteresis curves near T comp are reported here for the first time except the R= Gd [26] . As a representative observation, the detailed results for Dy 3 Fe 5 O 12 are displayed, demonstrating a double peak of H c near T comp . Our measurements verify that the maximum of H c splits into two peaks. It is stressed that the effect of the double peak in H c near T comp for R 3 Fe 5 O 12 is an intrinsic general feature of the rare earth iron garnets. These results have been understood on the basis of a simple model of single domain structure where the magnetization reversal is caused by single domain rotation under the influence of the crystalline anisotropy rather than domain wall displacements of the multi-domain structure. Furthermore it should be noted that the rare earth ion behaves as paramagnetically under the influence of an external magnetic field, and weak exchange field produced by iron sublattices. This large variation of the magnitude of the paraprocess magnetization of the rare earth ion has a strong effect in the hysteresis curve. The measurements for Tm 3 out in this study because a clear T comp has not observed [9] . The present work has been systematically made for the polycrystalline rare earth iron garnets.
Experimental methods
The powder specimens of R 
Results and discussion

X-ray powder diffraction
The powder specimens were successfully synthesized for R 3 
Hysteresis (M-H) curves at several temperatures
Figures 5 to 9 show magnetization curves for R 3 Fe 5 O 12 at T comp , near T comp and 300 K or 400 K in order to evaluate the value of H c . The value of T comp for R 3 Fe 5 O 12 is listed in Table 2 . The common characteristics of these hysteresis curves are the real existence of the T comp , at which the sublattice spontaneous magnetizations cancel each other. At T comp , the As an example, the figure 5 shows magnetization curves for Gd 3 Fe 5 O 12 and enlargement of hysteresis loop is observed at T comp ± 10 K. A hysteresis loop at 400 K is also given as a reference loop far from T comp , where the magnitude of the magnetization is much larger than that near T comp with multi-domain structure. corresponds to the ferrimagnetic magnetization mainly due to iron moments in M-H curve.
Irreversible rotation of magnetization with uniaxial anisotropy
Near T comp the resultant spontaneous magnetization becomes extremely small. The demagnetizing energy could be neglected, therefore a single domain is formed and the rotation of the magnetization occurs without building up a multi-domain structure and displacement of the domain. The direct observations of the single domain structure neat Let us consider a hysteresis curve arising from the single domain magnetization. The value of magnetization M s is assumed, here, to be a constant in this simple model. A magnetic field H is applied parallel to the uniaxial easy axis. The magnitude of H is varied from H = +2.0 K/M s to opposite direction H = -2.0 K/M s on passing through zero. Here we define K to be a uniaxial anisotropic constant having a positive value in this model. When φ is defined as the angle between H and M s , the magnetic energy E can be expressed as ,
where the first term is the anisotropy energy and the second one indicates the magneto static energy.
In figure 13a , the variation of energy E is illustrated as a function of angle φ. The magnetization rotates suddenly from φ = 0 to φ = π at H = -2.0 K/M s which corresponds to H c , and vice versa, .
This sequence of events leads to a rectangular-shape hysteresis loop. This value H c increases with decreasing the magnitude of M s . The solid circle indicates the specific angle φ φ cos sin Since the energy E remains at the meta-stable state. Subsequently, figure 13b and 13c indicate that the angle between external magnetic field H and the uniaxial anisotropic easy axis is fixed to the π/4 and π/2, respectively. In figure 13b , when the field H is decreased from H = +2.0K/M s to opposite direction on passing through zero, the rotation of M s takes place at H = -1.0 K/M s and +1.0 K/M s . No jumping change in orientation is found in figure  13c . Figure 14 shows the hysteresis curves corresponding with figure 13 . The value of projection of M s to the applied field gives the magnitude of the magnetization in figure 14 . This projection is carried out at the angle specified by the location of solid circle in figure  13 . The irreversible 180º rotation takes place from an easy axis to the opposite direction of M s by increasing an applied antiparallel field in figure 13a. The simple model explains a large coercive force H c in the M-H curve ( figure 13a and 13b ), respectively. The value H c increases with decreasing the magnitude of M s indicated in eq. (4) . No hysteresis is observed for the case corresponding to figure 13c.
A model of a double peak in H c near T comp
Discussion for the hysteresis curve in this section will be based on the theory by Goranskiĭ and Zvezdin [24] . The main difference of this section from previous figures 13 -14 is that the magnitude of the magnetization can vary with applied field. The variation of the magnitude of M originates from the superimposed paraprocess of the rare earth ion (R) in the iron garnets, as explained below. This paraprocess plays an important role in the hysteresis loop and an exhibition of the double peak in H c near T comp .
Let us consider a hysteresis curve on the basis of a schematic guide shown in figure 15 . Suppose that the magnetic field is parallel to the easy axis of the crystal as in figure 14a . We discuss briefly a simplified model based on a single-domain structure. The total magnetization M is given by
where M Fe denotes the resultant magnetization due to the Fe ions in its two sublattice 16A and 24D sites, as indicated in figure 1 , and M R is that of R ions. The rare earth sublattice susceptibility is introduced by the notation χ. In the neighborhood of T comp , M Fe does not depend on the applied field because of the extremely high T c =559 K. On the other hand, M R is described in terms of the Curie law with χ proportionally to 1/T in the first approximation. The parameter β is a constant of the exchange interaction between C-(AD) sublattices. Then we may write M down as ,
,
where C is a constant, M 0 denotes a spontaneous magnetization that vanishes at T comp .
Equations (6) and (7) lead to characteristic hysteresis curves near T comp as follows. The minimization of magnetic energy for this model is redefined as a modified form from eq.
(3) expressed as
. (8) The projection of the magnetization M to the external field gives the hysteresis curves as shown in figure 15 , where the value of M depends on the temperature and furthermore depends on the applied field H. Here the value of a depends on the direction of the applied field with respect of the crystal axes corresponding to figure 14. 
therefore the coercive force H c increases when M 0 decreases in these temperature regions.
As can be seen in of figure 15a, the hysteresis curve resemble figure 14a. Here we introduce a coercive force H c (1) is given by for .
Secondly, let us examine the temperature region of T comp -δ < T < T comp +δ, for a condition . The paraprecess contribution χH becomes larger than M 0 when ,
then the total M disappears during the reversal of the magnetization of the sample before the rotation of M 0 happens. As can be seen in figure15b, the coercive force H c (2) decreases 
Consequently, the temperature δ can be determined from the equality of H c (1) = H c (2) and the maximum of H c can be expressed as ,
.
The experimental results of Dy 3 Fe 5 O 12 are given as shown in figure 10 . For Dy 3 Fe 5 O 12 , the experimental measurements lead to numerical values that T comp = 224 K, H c (max) = 600 Oe at T comp ± K with ≈ 10 K. The two peaks of coercive force H c are observed at 214 and 232 K. The polycrystalline samples consist of randomly oriented grains with crystalline anisotropy. The calculation over a statistical distribution of anisotropy axis has not been made in the present analysis. The uncertainty is encountered to understand the experimental results. Two main influences of the polycrystalline samples. First, the inhomogeneity of T comp of the samples may occur. Second, the orientation of the external field is not parallel to the crystalline anisotropy axis, therefore the hysteresis curves of figure 14a-14c are mixed over a statistical distribution of anisotropy axis of the specimens. The value of a becomes 4/3 along the [111] direction, 2/9 along the [100], and 9 / 2 4 along the [110] direction [22] . Consequently, a smoothing and smearing out of the peak of H c may be observed in the actual experiments because of compositional inhomogeneity. The anisotropy of rare earth iron garnets has been discussed and the values of anisotropy K and χ change slowly with temperature [28] [29] [30] [31] .
In the case of temperature is far from T comp and the magnetization M becomes much larger, then the multi-domain structure will be built up and therefore the mixing and/or overlapping between the domain wall displacement and the rotation of the magnetization takes place. As a result the hysteresis curve will be caused by a multi-domain structure with the easy displacement of domain wall having very low value of H c . 
Summary
The present experimental results have verified systematically the double peak in coercive force H c near T comp for the polycrystalline rare earth iron garnets R 3 Fe 5 O 12 (R = Gd, Tb, Dy, Ho, and Er). A model to explain is based on the hysteresis curve caused by the rotation of single domain rather than the displacements of the domain wall in the multi-domain structure. 
